The automotive and aerospace industries have been interested in metal matrix composites (MMCs) and metal matrix nanocomposites (MMNCs) due to the growing demand for lightweight, high-performance materials (Mazen and Emara, 2004) . MMCs and MMNCs have been considered as replacements for conventional metals and alloys because they have higher stability at elevated temperatures, good strength-to-mass ratios and superior wear resistance, along with high stiffness and strength (Zhou et al., 1999) .
The mechanical properties of composite products are influenced mainly by the distribution of reinforcing particles in the matrix and the strength of the interfacial bonds between reinforcing particles and the matrix (Liang et al., 1992) . The ideal composite has an even distribution of the reinforcement phase throughout the matrix (Ferry, 2005) , but generating this is a challenge when fabricating both MMCs and MMNCs. In MMCs, the micrometre-sized reinforcing particles tend to settle on the grain boundaries and in MMNCs the nano-sized reinforcing particles form agglomerates (Borgonovo and Apelian, 2011; Casati and Vedani, 2014) .
Secondary deformation processes such as extrusion, forging, rolling and drawing may be used to improve the reinforcing particle distribution, thereby enhancing mechanical properties such as hardness and strength (Hirianiah et al., 2012) . These deformation processes are usually carried out at high temperatures since more deformation can be achieved due to the increased plastic flow (Saravanan and Senthilvelan, 2015) . However, operating at high temperatures has the disadvantages of high energy costs, reduced equipment and tool life, poor surface finish and low dimensional accuracy (Rajput, 2007) . These disadvantages mean that hotworked MMC and MMNC components are expensive and thus are unattractive to industry.
Deformation behaviour of aluminium low-micron MMCs and MMNCs at warm working temperatures (0.3-0.5 T m ) by Z. Gxowa* † ‡ , L.H. Chown † ‡ , G. Govender* and U. Curle* This work evaluates the deformation behaviour, at warm working temperatures, of green particle-reinforced aluminium composites produced by powder blending in a high-energy ball mill. The work focuses on metal matrix composites (MMCs) based on the 2124-Al alloy, reinforced with 10 or 15 vol.% SiC and metal matrix nanocomposites (MMNCs) based on the 2124-Al alloy, reinforced with 5 or 10 vol.% Al 2 O 3 . Three batches for each powder were blended and powder properties such as particle size distribution (PSD) and shape were consistent after blending. It was observed that a more uniform distribution of the reinforcement phase in the aluminium alloy matrix was achieved in 2124-Al/Al 2 O 3 than in 2124-Al/SiC composites. The powders (unreinforced 2124-Al and blended) were initially over-aged at 350°C for 2 hours to reverse any natural ageing that may have occurred prior to use. The over-ageing was incorporated to improve compressibility of the powders with the aim of achieving green compacts with higher integrity. Uniaxial compression tests performed at ambient temperature on a Gleeble ® 3500 thermomechanical simulator were unsuccessful as the green compacts fragmented. Engineering stress-strain curves showed that green compacts of unreinforced 2124-Al, 10%SiC MMC and 5%Al 2 O 3 MMNC deformed in a similar manner at ambient temperature and had the same compressive fracture stress of approximately 170 MPa. When the deformation temperature was increased from ambient to warm working temperatures (170-280°C) it was observed that electrical resistance heating (the heating mode of the Gleeble ® ) of unreinforced Al alloy, MMC and MMNC green compacts did not occur. This was attributed to the high electrical conductivity of aluminium, which resulted in poor heat generation due to the low electrical resistance in the samples. It was presumed that the small sample size (d=8 mm, h=12 mm) also caused rapid heat loss. After further experimentation, the green compacts were heated successfully by insulating the samples to retain heat. It was found that at 280°C, increasing the soaking time from 6 to 20 minutes decreased flow stress and improved plastic flow in the 2124-Al/10%SiC green compact. metal matrix composites, metal matrix nanocomposites, 2124-Al alloy.
Deformation behaviour of aluminium low-micron MMCs and MMNCs
Warm working has been shown to have some advantages over both cold and hot working (Rao et al., 1999) . Advantages of warm working over cold working include (Cavaliere, 2002) : ® Less strain hardening -fewer annealing operations ® Increased plastic flow -lower loads are required ® Higher metal ductility.
Warm working has lower processing costs than hot working due to the lower energy requirement, longer equipment and tool life and better dimensional accuracy and surface finish (Cavaliere, 2002) . Operating at warm working temperatures may thus decrease processing costs while still producing high-quality products (Jensrud, 1998) .
In this work, the deformation behaviour, at warm working temperatures, of particle-reinforced aluminium composites produced by powder blending in a high-energy ball mill was evaluated through uniaxial compression tests performed on a Gleeble ® 3500 thermomechanical simulator.
A Simoloyer CM-01 ® 2L horizontal high-energy ball mill was used to blend 2124 aluminium alloy (45-90 μm) powder (the matrix material) with reinforcing powders to form: ® Low-micron aluminium metal matrix composites with 10 or 15 vol.% SiC (1-10 μm) as the low-micron reinforcement ® Metal matrix nanocomposites with 5 or 10 vol.% Al 2 O 3 (40-70nm) as the nano-sized reinforcing phase. Three batches of 2124 aluminium alloy powder with Al 2 O 3 (MMNC) and three with SiC (MMC) powder were blended to assess the consistency of blending. The powders were characterized by particle size and shape analysis using a Microtrac Bluewave ® and were visually assessed by scanning electron microscopy (SEM) on a JEOL JSM 6510 ® . The unreinforced aluminium alloy powder and the blended powders were then cold-compacted, i.e. at ambient temperature, into cylindrical green compacts with a diameter of 8 mm and height of 12 mm in preparation for the uniaxial compression tests.
The initial cold compaction trials of both the unreinforced aluminium alloy powder and blended powders were challenging as the green compacts fractured into horizontal slices. This was attributed to natural ageing of the Al alloy powder due to long-term storage. The powders (unreinforced 2124-Al and blended) were then over-aged at 350°C for 2 hours, which improved their compressibility and resulted in green compacts with better consolidation and no surface cracks. The deformation behaviour of the unreinforced 2124 aluminium alloy, MMC and MMNC green compacts was evaluated by performing uniaxial compression tests on a Gleeble 3500 ® thermomechanical simulator at approximately 25°C and 280°C, a total strain of 0.1 and a strain rate of 0.01 s -1 . The green compacts were soaked for 6 minutes before compression. The soaking time was then increased to 20 minutes for the MMC green compact with 10 vol.% SiC to evaluate the effect of soaking time on deformation behaviour.
Three batches (referred to as batch 1, 2 and 3) of each powder were blended, which helped to assess if the properties that were obtained after blending were consistent. SEM micrographs of MMNC blended powders with 5 vol.% Al 2 O 3 from three batches at 500× magnification are shown in Figure 1 . From these images it can be observed that there are lighter, finer Al 2 O 3 particles on the surface of the coarser, spherical 2124-Al alloy powder particles. The three batches have a relatively uniform distribution of Al 2 O 3 particles on the aluminium alloy particles. Figure 1a shows that some of the aluminium alloy particles have changed shape and some have fractured into smaller particles. The change in particle shape can be attributed to plastic deformation that occurred during blending. Figure 2 shows a similarly uniform distribution of Al 2 O 3 nano-sized particles on the 2124-Al powder particles, despite the 5 to 10 vol.% increase in Al 2 O 3 . This finding contradicts results found in liquid-state processing, where Borgonovo and Apelian (2011) found that the tendency of nanoparticles to form agglomerates increased as their volume fraction in the matrix increased. The even distribution found in this work (Figure 2) can be attributed to good blending parameters, as well as the fact that any particle clusters that may have formed were ground as the blending process progressed. This positive result is an indication that the problems of agglomeration encountered in liquid-state processes could be averted by using solid-state techniques.
The micrographs in Figure 3 show that all three 10% SiC batches contained spherical 2124-Al alloy particles surrounded by small, irregularly shaped SiC particles. As only a small amount of the SiC particles coated the 2124-Al alloy particles and a large amount of the SiC particles were loose, it can be inferred that the SiC powder did not blend fully with the aluminium alloy powder. This poor blending was attributed to poor surface interaction between SiC and the 2124-Al alloy particles. During cold compaction, the green compacts of the unreinforced and blended powders fractured into thin, nearly horizontal slices, as shown in Figure 6 . This was attributed to natural ageing of the 2124-Al alloy powder due to long-term storage (Nazarenko et al., 2014) . The powders were then exposed to an over-ageing heat treatment at 350°C for 2 hours in order to reverse the effects of ageing. Figure 7 shows a green compact that was successfully compacted using the over-aged powder.
Optical microscopy of the green compact ( Figure 7 ) revealed a non-uniform density distribution in the uniaxial green compact, with high density at the surface (Figure 8a ) and low density at the core (Figure 8b) . German (1994) showed how density varies in green compacts from both single-and double-action pressing (Figure 9 ). In the current work, double-action pressing was used. From Figure 9 it can be observed that green compacts produced from doubleaction pressing have lower densities at the mid-height surface (Hofmann and Bowen, 2011) .
Pressure gradients, caused by the friction between the powder and the die walls, lead to non-uniform density distribution in green compacts (Glass and Ewsuk, 1995) . The frictional force opposes the applied force and decreases the amount of pressure transmitted to the powder for consolidation (Turenne et al., 1999) , so high pressures result in high green densities (Tiwari, Rajput and Srivastava 2012) . Thus the lower densification observed at the core of the sample (Figure 8b ) is an indication of a non-uniform density distribution in the sample.
The technique of over-ageing the powders before cold compaction worked for the unreinforced and reinforced powders, except for the powder reinforced with 10 vol.% Deformation behaviour of aluminium low-micron MMCs and MMNCs powder could have been due to the higher amount of Al 2 O 3 on the surface of the 2124-Al particles, thus limiting the effect of over-ageing and preventing plastic deformation and bonding. Al 2 O 3 has a high heat resistance, so the Al 2 O 3 coating could have acted as a barrier to heat transfer thus limiting the effect of over-ageing, which meant that the hardness of the 2124-Al/10%Al 2 O 3 powder was not changed dramatically by the over-ageing process (Pham, Maruoka and Nanko, 2016) . The presence of more Al 2 O 3 particles on the aluminium alloy particle surfaces, due to a higher vol.% Al 2 O 3 added, could have increased the hardness of the reinforced powder even further, since Al 2 O 3 has a higher hardness than the Al alloy (Auerkari, 1996) . Poor consolidation and very little plastic deformation or bonding occurred in the 2124-Al/10%Al 2 O 3 composite, as shown in the polished section in Figure 10 . Figure 10 shows that there are nano-Al 2 O 3 particles situated on the Al alloy grain boundaries. The micrograph supports the notion that plastic deformation and bonding were limited by the presence of Al 2 O 3 particles on Al alloy particle surfaces.
Micrographs of the compacted 2124-Al/10%SiC powder are shown in Figures 11(a) and 11(b) . These images show that consolidation was achieved by localized deformation at grain boundaries where there were few or no SiC particles. The same result was obtained for 2124-Al/15%SiC composite (not shown). This shows that in composite powders where reinforcing particles have settled on grain boundaries, consolidation is achieved by localized deformation at small contact points between matrix grains.
The uniaxial compression tests performed in the Gleeble 3500 ® at ambient temperature were unsuccessful, as the green compacts fractured immediately under the compressive load, as shown in Figure 12 .
Engineering stress-strain curves from uniaxial compression tests performed at ambient temperature ( Figure 13 curves follow the same trend. The compressive fracture stresses of the 2124-Al, 10% SiC MMC and 5% Al 2 O 3 MMNC green compacts were similar at approximately 170 MPa. The peculiar shape of the stress-strain curves shows that the green compacts initially compressed and elastically deformed to a stress of approximately 170 MPa and then started to fracture as the plastic region was approached, leading to a sharp decrease in stress.
In initial testing at a programmed temperature of 280°C, electrical resistance heating of the green compacts did not occur, which was attributed to the high electrical conductivity and low resistance of aluminium. High electrical conductivity resulted in poor heat generation because electrical resistance in the samples was low (Ozturk et al., 2016) . It was presumed that the small sample size (d=8 mm, h=12 mm) also caused rapid heat loss .After further experimentation, the green compacts were heated successfully by using fibre optic wool and a conductive foil wrapped around the samples as insulation in order to retain heat.
The deformation behaviour of 2124-Al with 5% Al 2 O 3 , 10% SiC and 15% SiC at 280°C is shown in Figure 14 . The peaks of the curves represent the maximum flow stress. It is interesting to see that the 10% SiC sample showed a higher flow stress (200 MPa) than the 15% SiC sample (170 MPa). This could be a result of improved consolidation during compaction of 2124-Al with 10% SiC compared with 15% SiC.
The higher temperature improved the shape of the compression curves, removing the sudden drop in stress after elastic deformation that was seen in the ambient temperature tests. This indicates that the deformation was more uniform, which can be attributed to improved plastic flow due to an increase in temperature (Osakada, 1997) .
The soaking time was increased from 6 to 20 minutes for the MMC green compact with 10 vol.% SiC to assess the effect of soaking time on deformation behaviour, as shown in Figure 15 . The shape of the flow stress curve improved and it looks more like a standard compressive stress-strain curve. The various points and regions (elastic region, plastic region, maximum flow stress and final fracture point) on the curve can easily be identified. This shows that an increase in soaking time improved plastic flow in the material and improved the deformation behaviour.
Increasing the soaking time from 6 to 20 minutes decreased the maximum flow stress from 200 to approximately 170 MPa. Holding the sample at an elevated temperature for an increased time leads to more atoms gaining energy, thus the flow of particles in the material is improved (Arya et al., 2016) . Deforming the material became easier and a lower load was required to deform the material. As the soaking time did have an effect on the deformation behaviour it should be carefully selected.
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